The vent mussel Bathymodiolus azoricus, host thioautotrophic and methanotrophic bacteria, in their gills and complementary, is able to digest suspended organic matter. But the involvement of nutritional status in metal uptake and storage remains unclear. The influence of B. azoricus physiological condition on its response to the exposure of a mixture of metals in solution is addressed. Mussels from the Menez Gwen field were exposed to 50 μg L − 1 Cd, plus 25 μg L − 1 Cu and 100 μg L − 1 Zn for 24 days. Four conditions were tested: (i) mussels harboring both bacteria but not feed, (ii) harboring only methanotrophic bacteria, (iii) without bacteria but fed during exposure and (iv) without bacteria during starvation. Unexposed mussels under the same conditions were used as controls. Eventual seasonal variations were assessed. Metal levels were quantified in subcellular fractions in gills and digestive gland. Metallothionein levels and condition indices were also quantified. Gill sections were used for fluorescence in situ hybridization (FISH) to assess the temporal distribution of symbiotic associations. Starvation damages metal homeostasis mechanisms and increase the intracellular Zn and MT levels function. There is a clear metallic competition for soluble and insoluble intracellular ligands at each condition. Seasonal variations were observed at metal uptake and storage.
Introduction
The mytilid mussel, Bathymodiolus azoricus, is one of the dominant hydrothermal vent macroorganisms in the Azores Triple Junction region, distributed at depths ranging from 840 m (Menez Gwen vent field) to 2300 m (Rainbow vent field) ([Colaço et al., 1998 ] and [Desbruyères et al., 2001] ). This hydrothermal vent mussel is a mixotrophic organism whose energy is obtained by 1) dual endosymbiosis, based on both thioautotrophic ( several experiments with metals on B. azoricus. The remained 4 groups of 27 mussels 130 were maintained following similar protocols (i to iv) but without the addition of metal 131 mixture and were used as controls. Water was renewed every 3 days to eliminate organic 132 matter that could result in oxygen depletion, and maintain a pH of 7-8. Food and metals 133 were added to renewed water. No sulfide was added in the water during the exposure to 134 prevent the precipitation of metals. Before the first addition of metals 6 mussels 135 (designated hereafter as "day 0") were sampled from each protocol. Then 6 mussels were 136 sampled from each protocol at days 6, 15 and 24 of the exposure. As well, 6 mussels 137 (designated hereafter as "control mussels") were sampled at days 15 and 24 from each 138 control protocol. From each sampled individual, shell length was recorded and gills and 139 digestive gland tissues were dissected and preserved at -80º C until freeze-drying. Metals 140 and metallothioneins analysis were performed in both tissues. 141 142
Metal analyses 143 144
Approximately 100 mg of dry tissue were homogenized in TRIS buffer (100 mM, 10 mM 145 ß-mercaptoethanol, pH 8.6) and centrifuged (30000g, 30 min, 4º C). For each sample, the 146 pellet containing the insoluble compounds (designated hereafter as "insoluble fraction") 147 and an aliquot (2 ml) of the supernatant, containing the soluble compounds (designated 148 hereafter as "soluble fraction") were digested with nitric acid (65% v/v, Merck, p.a.) at 149 room temperature during 12 hours follow by a 2 hours heat-bath at 60º C. After pellets 150 and supernatant digestion, solutions were dried at 60º C and solubilized by adding 2 ml 151 0.5N HNO 3 . Cd, Cu and Zn were determined by flame atomic absorption 152 spectrophotometry (GBC-Avanta Σ), with deuterium background correction, or graphite 153 furnace atomic absorption spectrometry (Perkin-Elmer, Zeeman 4110ZL) depending on 154 metal levels. The accuracy and precision of the method used were established by regular 155 analysis of certified reference materials, mussel tissue CE278 (European Reference  156 Materials of Belgium) and lobster hepatopancreas TORT-2 (National Research Council 157 of Canada). Certified reference materials and blanks were taken through the procedure in 158 the same way as the samples. Our values and the certified values are given in Table 2 as 159 µg g -1 of dry weight. 160 161
Metallothioneins (MT) 162 163
To determine MT level, an aliquot of the supernatant from the centrifugation described 164 above was heat-denatured (90°C, 15 min) and centrifuged at 13000 g, 10 min, at 4ºC. In 165 the heat-denatured supernatant the amount of MT was determined by Differential Pulse 166 Polarography (DPP) according to Olafson and Sim (1979) and Thompson and Cosson 167 (1984) . A standard addition calibration curve was obtained using rabbit liver MT-I as 168 reference. Results were expressed as µg g -1 of dry weight. Olafson and Olsson (1991) Tissue condition index (TCI) and gill index (GI) were used to assess the mussel 178 physiological condition before (day 0) and during the exposure period. The measure of 179 both indices in mussels at day 0 will represent their status after acclimatization and before 180 exposure. 181
The tissue condition index was calculated as follows: 182 TCI = tissues dry weight (g)/shell volume (ml) (Voets et al. 2006 Gill tissues were dissected immediately after removing mussels from the aquaria, 199 Data were first tested for normality by normal probability plots and the homogeneity of 218 variances was checked using Bartlett's test. Since data did not respect the assumptions of 219 analysis of variance, the reciprocal square-root (sqrt) transformation [1/sqrt (x + 0,5)] was 220 applied. Analyses of covariance (ANCOVA) and one-way ANOVA were used on 221 transformed data to evaluate the variability between groups of samples. Tukey's test was 222 used as post hoc comparison of means. Sperman rank correlations were used to evaluate 223 the relation between the levels of MT and metals associated with soluble compounds 224 measured in both exposed mussels organs. Tests were performed with STATISTICA 6.0 225 (StatSoft). Differences were considered significant when p<0,05. Statistical methods 226
were selected in accordance with Zar (1999 Mortality was recorded at summer season in protocol (ii), with 16% in exposed group and 236 7% in control group and in protocol (iv), with 4% of mortality record in exposed group. 237
In winter, 7% of mortality was recorded in exposed group of protocol (ii). 238 239
Metal accumulation 240 241
Mean metal levels in the gills and the digestive gland of control and exposed mussels, 242
following the protocols at the 3 seasons, are shown in Figures 1 to 3 . 243 For the 24 days of exposure, whatever the experimental protocol or season, a similar 248 bioaccumulation pattern was observed, resulting from significant increases of Cd levels 249 (ANOVA, p<0,05). On the contrary, the levels in control mussels remained constantly 250 low with the exception of some erratic values noticed at the three seasons for protocol (i). 251
In non-exposed mussels Cd was preferably associated to insoluble compounds (Table 3) . 252
Whatever the experimental protocol or season the subcellular distribution of Cd did not 253 change, Cd remained preferably associated to insoluble compounds. 254
For the 24 days of exposure, whatever the experimental protocol or season, a similar 256 bioaccumulation pattern was observed, resulting from significant increases of Cd levels 257 (ANOVA, p<0,05). On the contrary, the levels in control mussels remained constantly 258 low with the exception of non significant values noticed after 24 days in summer for 259 protocols (i) and in spring (iv) (ANOVA, p>0,05). In non-exposed mussels Cd was 260 equally distributed between soluble and insoluble fractions whatever the season (Table  261 3). The ratio of Cd bioaccumulated under soluble forms increased when mussels were 262 submitted to protocol (i) in summer and winter. The opposite was observed with protocol 263
(ii) with Cd preferably bioaccumulated under insoluble forms. For both protocols, in 264 spring, bioaccumulated Cd remained equally distributed. 265 266
Copper 267 268

Gills (Figures 2, a-b-c) 269
Cu levels were generally higher in exposed mussels than in control mussels (ANOVA, 270 p<0,05) with few exceptions at day 24 for protocol (i) in summer and for protocol (ii) in 271 winter. Cu bioaccumulation patterns varied with season for a same experimental protocol 272 with maximum Cu levels reached by day 24 being lower in winter than in summer or 273 spring (ANCOVA, p<0.05). Whatever the experimental protocol or season the 274 subcellular distribution of Cu did not change, Cu remained preferably associated to 275 soluble compounds (Table 3) . 276
Digestive Gland (Figures 2, d-e-f) 277
Whatever the experimental protocol and season, Cu levels in exposed mussels were not 278 significant different from levels in control mussels (ANOVA, p>0,05) with few 279 exceptions at day 24 for protocol (i) at the 3 seasons, at day 24 for protocol (ii) in summer 280 and at day 15 for protocol (ii) in spring (ANOVA, p<0,05). Whatever the experimental 281 protocol or season the subcellular distribution of Cu did not change, Cu remained 282 preferably associated to soluble compounds (Table 3) . After 24 days of exposure the 283 bioaccumulation of Cu seems to be more intensive in the gills than in the digestive gland, 284 especially following the protocol (iv). 285 286
Zinc 287 288
Gills (Figures 3, a-b-c) 289
Whatever the experimental protocol and season, there was no clear evidence of Zn 290 bioaccumulation in the gills of exposed mussels compared to controls. In summer Zn was 291 equally distributed between soluble and insoluble compounds at the subcellular level in 292 non-exposed mussels (Table 3) . After exposures using the protocols (iii) and (iv), Zn 293 shifted to the soluble compartment. In winter and spring, Zn was preferably associated to 294 soluble compounds in non-exposed mussels and this distribution did not change except in 295 winter after exposures using the (i) and (ii) protocols leading to an equal distribution of 296
Zn between the two compartments. 297
Zn levels in control mussels were uniform only for mussels collected in spring, while in 300 summer and winter levels varied whatever the experimental protocol with extreme values 301 reached at day 24 at protocol (iv). A part from the equal distribution of Zn in non-302 exposed mussels from summer, Zn was preferably associated to soluble compounds 303 whatever the experimental protocol or season (Table 3) . In summer and winter the 304 variations of Zn levels were more intense in the digestive gland than in the gills for 305 corresponding experimental protocols and exposure duration. In spring, no obvious 306 differences were observed between the variations of Zn levels in gills and digestive 307 gland. Generally, MT levels of exposed mussels were not significantly different from control 316 mussel levels (ANOVA, p>0,05). 317
MT levels varied a lot in control mussels in summer and winter whatever the 319 experimental protocol. In spring the levels were lower (ANOVA, p<0.05) and their 320 variation was less important. Mean levels of MT in mussels exposed in winter under 321 protocols (ii), (iii) and (iv) were higher than the levels reached for the same protocols in 322 summer and spring (ANCOVA, p<0.05). 323 324
TCI and GI 325 326
The mean values of tissue condition index (TCI) and gill index (GI) in non-exposed (day 327 0) and exposed mussels collected at the 3 seasons are shown in Figure 5 . 328
TCI (Figures 5, a-b-c): 329
At day 0 TCI did not showed significant variation between experimental protocols in 330 summer and spring (ANOVA, p>0.05). In winter, TCI at day 0 was significantly higher 331 for protocols (i) and (ii) (ANOVA, p<0.05). Whatever the experimental protocol and 332 season, there was no significant variation of mean TCI during 24 days for exposed 333 mussels (ANOVA, p>0.05). Between seasons, whatever the experimental protocol, 334 mussels collected in summer showed significant lower TCI (ANCOVA, p<0.05). 335
Moreover, for protocol (iii) and (iv) mussels collected in spring showed significant higher 336 TCI (ANCOVA, p<0.05). 337
GI (Figures 5, d-e-f): 338
At day 0 whatever the season, GI did not show significant variation between 339 experimental protocols (ANOVA, p>0.05). Whatever the experimental protocol, there 340 was no significant variation of mean GI during 24 days for exposed mussels (ANOVA, 341 p>0.05) in summer and spring. In winter, a significant decrease of GI was observed after 342 day 6 for protocol (iii) (ANOVA, p<0.05). Whatever the experimental protocol or season, 343 control mussels did not show any variation during the experimental period (ANOVA, 344 p>0.05). Between seasons, whatever the experimental protocol, mussels collected in 345 summer showed significant lower GI (ANCOVA, p<0.05). 346 347
FISH 348 349
The images of the detection of thioautotrophic and methanotrophic bacteria in the gill 350 tissue are shown in Figure 6 . No difference was found in bacterial densities between the 351 mussels collected at the 3 seasons. Therefore, the panels contain the representative 352 images of bacteria densities found at the beginning (day 0) and by the end (day 24) of 353 each exposure protocol. 354
Protocol (i) 355
The gill tissues were taken from the fresh mussels immediately after their arrival at the 356 laboratory, therefore bacterial detection at day 0 corresponds to the natural abundance of 357 endosymbionts (A1). The fluorescent probes detected both thioautotrophic (red) and 358 methanotrophic (green) bacteria. After 24 days of exposure (A2), the density of 359 thioautotrophic bacteria was rather low and the gill filaments showed empty 360 bacteriocytes. The methanotrophic bacteria were not detected anymore. 361
Protocol (ii) 362
The gill tissues, at day 0, were taken from mussels acclimatized during 3 weeks in plain 363 sea water supplied with CH 4 . The fluorescent probes detected the methanotrophic (green) 364 bacteria distributed at the bacteriocytes boundary (B1). After 24 days of exposure (B2), 365 methanotrophic bacteria were rather detected and gill filaments showed empty 366 bacteriocytes. 367
Protocol (iii) and (iv) 368
The gill tissues, at day 0, were taken from mussels acclimatized during 3 weeks in plain 369 sea water. Both bacteria were rather detected or undetected (C1). After 24 days of 370 exposure (C2) no bacteria was detected. Nevertheless, gill filaments showed the presence 371 of hemocytes. 372 (ii). They did not harbor any kind of symbiotic bacteria but were provided with 399 microalgae during the exposure (iii). They did not harbor any kind of symbiotic bacteria 400 and were not given any food supply (iv). It was shown that metal bioaccumulation could 401 be influenced by the season in relation with the reproductive cycle (Langston et al. 1998) . 402
To take into account this biotic factor, our experiments were performed on mussels 403
Mussel physiological status 407 408
The lower TCI and GI found in mussels collected in summer could be a consequence of a 409 stress linked to animal collection using the ROV. In opposition to a cage recovery in 410 which mussels arrive to the surface in approximately 20 minutes, a submersible recovery 411 may take hours inflicting a decompression physiological stress difficult to recover ( the respective involvements of Ca ++ or Na + channels. Whatever the season, exposed and 446 non exposed mussels harboring both bacteria showed a highly variable Cd and Cu 447 accumulation. That can reflect changes in their physiological system due to mislay of 448 bacteria during the 24 days. Zn is not bioaccumulated when mussels are fed with 449 microalgae while an increase of Zn levels is observed in summer, when they are starving. Cd to soluble compounds. The association of the bioaccumulated Cd to insoluble 492 compounds as an explanation to the lack of increase of MT levels was already pointed out 493 above for the gills. Such increases of MT levels following Cd exposures of coastal 494 mussels were observed previous and attributed to Cd bioaccumulation as soluble forms 495 (Raspor et al. 1999 , Geret 2000 . Mussels with both bacteria as food source showed a 496 correlation between soluble Cu and MT levels at all seasons (Table 4) In summary, the use of exposures to a mixture of metals was designed to approach 503 mussel in situ conditions. Nevertheless, we can not neglect the fact that during the 24 504 days exposure a modification of the ratio: number of mussels/metal availability occurs, 505 which may occasionally increase the levels of metals by the end of the exposure. Our 506 results regarding the distribution of Cd at the subcellular level were not in accordance 507
with previous results obtained after mono-metallic exposures of B. azoricus or coastal 508 mussels. In addition, the observed Cd preferential storage as insoluble forms in the gills 509 comes into conflict with data from in situ collected B. azoricus. These discrepancies may 510 be explained by several factors (a) the use of metal concentrations higher than that 511 measured in B. azoricus surrounding environment (b) in the mixture, metals were in 512 solution while in situ they are present under both dissolved and particulate forms (c) in a 513 mixture, metals compete for their uptake and storage by the exposed organisms contrarily 514 to what happens when a mono-metallic exposure is used. However, our results show that 515 B. azoricus is able to adapt its metal handling strategies to versatile close environment 516 conditions. It underlines the B. azoricus ability to store metals (here Cd) under insoluble 517 forms preventing potential toxic impacts. We put forward that B. azoricus metal uptake 518 and storage mechanisms are similar to those already described for coastal mussels which 519 are highly influenced by metallic ions size and electronic affinity for cellular compounds. Table 1 Mean water conditions for the three collection seasons at each experiment (i; ii; iii; iv) for exposed and control mussels. Results as mean ± SD; n = Table 2 Levels of Cd, Cu and Zn found in certified reference material, mussel tissue CE278 (ERM-Belgium) and lobster hepatopancreas TORT-2 (NRCCCanada). Results as mean ± SD, in µg g -1 dry weight. Table 3 Amounts of metals associated with insoluble compounds (expressed as percentages-mean ± SD ) in the gill and digestive gland tissues of nonexposed (ne) (mussels from day 0) and exposed mussels for each experiment (i; ii; iii; iv), collected in summer, winter and spring. i 53 ± 7 38 ± 9 51 ± 7 37 ± 9 39 ± 3 41 ± 3
ii 43 ± 6 37 ± 8 46 ± 11 36 ± 11 42 ± 4 32 ± 4
iii 17 ± 5 25 ± 8 18 ± 5 21 ± 7 13 ± 2 23 ± 6 iv 17 ± 6 11 ± 6 16 ± 7 13 ± 8 13 ± 3 25 ± 4 Table 4 Values of Spearman rank r correlations between MT and metals associated with soluble compounds in gill (G) and digestive gland (DG) of mussels collected at the three seasons (summer, winter and spring) and exposed to each experiment (i, ii, iii, iv). , dry mass) in the gills (a-b-c) and digestive gland (de-f) of control (dashed lines) and exposed mussels (solid lines) at each experiment (i, ii, iii, and iv) for 24 days. Here and in [ Fig. 2], [Fig. 3], [Fig. 4] and [Fig. 5 ], panels (a) and (d) represent the experiments undertaken in summer, (b) and (e) represent the experiments undertaken in winter and (c) and (f) the experiments undertaken in spring. Vertical bars represent the standard error of the mean. Symbol (*) represents significant differences between day 0 and day 24 of exposure. Symbol (**) represents significant differences between day 0 and day 24 of control. , dry mass) in the gills (a-b-c) and digestive gland (de-f) of control (dashed lines) and exposed mussels (solid lines) at each experiment (i, ii, iii, and iv) for 24 days. , dry mass) in the gills (a-b-c) and digestive gland (d-e-f) of control (dashed lines) and exposed mussels (solid lines) at each experiment (i, ii, iii, and iv) for 24 days. , dry mass) in the gills (a-b-c) and digestive gland (d-e-f) of control (dashed lines) and exposed mussels (solid lines) at each experiment (i, ii, iii, and iv) for 24 days. ) of TCI (a-b-c) and GCI (d-e-f) of control (dashed lines) and exposed mussels (solid lines) at each experiment (i, ii, iii, and iv) for 24 days. Fig. 6 . Detection of thiotrophic and methanotrophic bacterial endosymbionts in gill tissue. Fluorescent probes were used to target thiotrophic (red) and methanotrophic (green) bacterial symbionts in fluorescence in situ hybridization (FISH) experiments. Differential interference contrast (DIC) visualization is shown (right side of panels). Scale bar (10 μm) and original objective magnifications are indicated. Panel A shows the density of both bacteria at day 0 (A1) and day 24 (A2) of exposure for experiment (i). Panel B shows the methanotrophic bacteria density at day 0 (B1) and day 24 (B2) of exposure for experiment (ii). Panel C shows the density of both bacteria at day 0 (C1) and day 24 (C2) of exposure for experiments (iii) and (iv).
